Abstract Recent genome-wide association (GWA) studies have identified several novel genetic loci associated with age at menarche and age at natural menopause. However, the stringent significance threshold used in GWA studies potentially led to false negatives and true associations may have been overlooked. Incorporating biologically relevant information, we examined whether common genetic polymorphisms in candidate genes of nine groups of biologically plausible pathways and related phenotypes are associated with age at menarche and age at natural menopause. A total of 18,862 genotyped and imputed single nucleotide polymorphisms (SNPs) in 278 genes were assessed for their associations with these two traits among a total of 24,341 women from the Nurses' Health Study (NHS, N = 2,287) and the Women's Genome Health Study (WGHS, N = 22,054). Linear regression was used to assess the marginal association of each SNP with each phenotype. We adjusted for multiple testing within each gene to identify statistically significant SNP associations at the gene level. To evaluate the overall evidence for an excess of statistically significant gene associations over the proportion expected by chance, we applied a one-sample test of proportion to each group of candidate genes. The steroid-hormone metabolism and biosynthesis pathway was found significantly associated with both age at menarche and age at natural menopause (P = 0.040 and 0.011, respectively). In addition, the group of genes associated with precocious or delayed puberty was found significantly associated with age at menarche (P = 0.013), and the group of genes involved in premature ovarian failure with age at menopause (P = 0.025).
Introduction
Age at menarche and age at natural menopause have important implications for the health of women. An early onset of menarche and later menopause are well-established risk factors for the development of breast cancer (Kvale 1992; Peeters et al. 1995) and endometrial cancer (Kaaks et al. 2002; Xu et al. 2004 ). On the other hand, late menarche and early menopause increase the risk of osteoporosis (Ito et al. 1995; Kritz-Silverstein and Barrett-Connor 1993) and cardiovascular disease (Pechere-Bertschi and Burnier 2004; Rees 1995; van der Graaf et al. 1997; van der Schouw et al. 1996) . These two traits also mark the beginning and the end of a woman's reproductive life (te Velde and Pearson 2002) . Individual variability of age at menarche and age at natural menopause are partially under genetic control (de Bruin et al. 2001; Kaprio et al. 1995; Meyer et al. 1991; Snieder et al. 1998; Treloar et al. 1998; Treloar and Martin 1990) . Twin and family studies have suggested relatively high heritability for age at menarche (53-74%) (Chie et al. 1997; Kaprio et al. 1995; Sharma 2002 ) and age at natural menopause (49-87%) (de Bruin et al. 2001; Murabito et al. 2005a; Snieder et al. 1998) . Genome-wide linkage analyses using microsatellite markers have identified chromosomal regions that may harbor genes for menarche (Guo et al. 2006a; Pan et al. 2008; Rothenbuhler et al. 2006 ) and natural menopause (Murabito et al. 2005b; van Asselt et al. 2004 ). However, the specific causal genes remain mostly unidentified.
Despite the common belief that multiple genes are responsible for controlling the timing of menarche and natural menopause, very few genes have been identified that contain common genetic variants associated with age at menarche and age at natural menopause. Previous candidate gene association studies have focused on the genes involved in steroid-hormone metabolism and biosynthesis pathway, such as estrogen receptor genes (ESR1 and ESR2) (Boot et al. 2004; Dvornyk et al. 2006; Gorai et al. 2003; He et al. 2007; Kok et al. 2005; Long et al. 2005; Stavrou et al. 2006; Stavrou et al. 2002; Weel et al. 1999) , sex hormone binding globulin gene (SHBG) (Xita et al. 2005) , and genes involved in estrogen biosynthesis (CYP17, CYP19, and HSD17), hydroxylation (CYP1A1, CYP1B1, and CYP3A4), and inactivation of the reactive metabolites (COMT) (Gorai et al. 2003; Guo et al. 2006b; He et al. 2007; Hefler et al. 2005; Lai et al. 2001; Long et al. 2006; Mitchell et al. 2008) . Association studies of candidate genes in other biologically plausible pathways are sparse, including IGF1 (Zhao et al. 2007 ), AMHR2 (Kevenaar et al. 2007) , and genes associated with thrombophilia and vascular homeostasis, such as F5 van Asselt et al. 2003) , APOE (Koochmeshgi et al. 2004; Tempfer et al. 2005) , NOS3 (Hefler et al. 2002; Tempfer et al. 2005; Worda et al. 2004) , F2, and SERPINE1 . Recently, a few studies focused on genes associated with the extremes of these two phenotypes, for example, ten hypogonadotropic hypogonadism genes (FGFR1, GNRH, GNRHR, GPR54/KISS1R, KAL1, KISS1, LEP, LEPR, PROK2, and PROKR2) (Gajdos et al. 2008) , and the FMR1 gene (Ennis et al. 2006; Mallolas et al. 2001 ) have been examined in relation to age at menarche and age at menopause, respectively. While these studies have provided some promising results, a large-scale candidate gene analysis has not been performed to evaluate common genetic variants in association with these two traits.
Most recently, genome-wide association (GWA) studies of age at menarche (He et al. 2009; Ong et al. 2009; Perry et al. 2009; Sulem et al. 2009 ) and natural menopause (He et al. 2009; Stolk et al. 2009 ) have identified several novel genetic loci. However, true associations may have been overlooked due to the stringent significance threshold used in these GWA studies (usually P value at least\1 9 10 -7 ). Incorporating biologically relevant information, we used the genotyped and imputed single nucleotide polymorphism (SNP) data from the Cancer Genetic Markers of Susceptibility (CGEMS) breast cancer project (Hunter et al. 2007 ) and the Women's Genome Health Study (WGHS) to examine whether common genetic variants of pre-specified candidate genes in nine groups of genes in biologically plausible pathways and related phenotypes are associated with age at menarche and age at natural menopause. These pathways and phenotypes include (a) the steroid-hormone metabolism and biosynthesis pathway; (b) the insulin-like growth factor (IGF) signaling pathway; (c) the transforming growth factor-beta (TGF-b) superfamily and signaling pathway; (d) the thrombophilia and vascular homeostasis pathway; (e) obesity and obesityrelated phenotypes; and for age at menarche only: (f) precocious or delayed puberty; and for age at natural menopause only: (g) premature ovarian failure; (h) polycystic ovary syndrome (PCOS); and (i) smoking and nicotine dependence. A total of 18,862 SNPs in 278 genes were assessed for their associations with age at menarche and age at natural menopause among 24,341 women from the Nurses' Health Study (NHS, N = 2,287) and the WGHS (N = 22,054).
Materials and methods

Study population
The NHS was initiated in 1976, when 121,700 United States registered nurses between the age of 30 and 55, residing in 11 larger US states, returned an initial questionnaire reporting medical histories and baseline health-related exposures, including information related to reproductive history (age at menarche, age at first birth, parity, age at menopause, etc.), and exposure to exogenous hormones (oral contraception or post-menopausal hormone replacement therapy). Biennial questionnaires with collection of exposure information on risk factors have been collected prospectively, and outcome data with follow-up of reported disease events are collected. From May 1989 through September 1990, we collected blood samples from 32,826 participants in the NHS cohort. Subsequent followup has been greater than 99% for this subcohort.
The NHS nested breast cancer case-control study was derived from the 32,826 women in the blood subcohort who were free of diagnosed breast cancer at blood collection and followed for incidence disease until June 1, 2004. Breast cancer follow-up in the NHS was conducted by personal mailings and searches of the National Death Index. Controls were women not diagnosed with breast cancer up to the time of case diagnosis, and were one-toone matched to cases based on age at diagnosis, blood collection variables [time of day, season, and year of blood collection, as well as recent (\3 months) use of postmenopausal hormones], ethnicity (all cases and controls are self-reported Caucasians), and menopausal status (all cases were postmenopausal at diagnosis). The 2,287 NHS participants included in the present analysis were from this nested breast cancer case-control study and were self-described Caucasians with genotype data available from the National Cancer Institute's Cancer Genetic Marker of Susceptibility (CGEMS) Project (Hunter et al. 2007 ).
The WGHS cohort comprises 28,345 American women, who are participants in the ongoing Women's Health Study (WHS) who had no prior history of cardiovascular disease, cancer, or other major chronic illness, and who provided a blood sample at baseline with consent for analyses linking blood-derived observations with baseline risk factor profiles and incident disease events. These women were 45 years of age or older at baseline in 1993. Details of the rationale, design, and methodology of the WGHS and the WHS are described elsewhere (Ridker et al. 2005 (Ridker et al. , 2008a . There were 22,054 Caucasian WGHS participants with genotype data available for the present analysis.
Outcome assessment
Age at menarche is defined as age at the first menstrual period (in years). This information was retrospectively ascertained by recall in the baseline questionnaires. In the NHS, the question was open-ended and asked ''At what age did your menstrual periods begin?___ years of age''. In the WHS, the question was not open-ended and asked, ''At what age did your menstrual periods begin?'' Response categories were: ''9 or younger, 10, 11, 12, 13, 14, 15, 16, 17 or older''. We excluded women whose age at menarche was reported as 18 years or greater in the NHS from the analysis (N = 2), these women were more likely to have a pathological cause outside the spectrum of normal variation.
Age at natural menopause is defined as the age when menstrual periods ceased permanently and naturally (in years). Questions regarding to menopause status were asked in baseline and subsequent questionnaires. The questions were ''Have your menstrual periods ceased permanently?'' If yes, ''At what age did your natural periods cease?'' and ''For what reason did your periods cease?'' Response categories were ''Surgical; Radiation or Chemotherapy; Natural''. Age at natural menopause was assessed in the baseline questionnaire for postmenopausal women at baseline, and updated in subsequent questionnaires for premenopausal women at baseline. Women who had radiation/chemotherapy or surgically induced menopause were excluded from the current study. We were unable to exclude women using hormone replacement therapy (HRT) before the onset of menopause, as the exact time when women started to use HRT relative to the precise onset of natural menopause cannot be determined through biennial questionnaires in either study. We also excluded women reported ages at menopause younger than 40 years or older than 60 years from the analysis as these extremes may reflect underlying pathologies.
Genotyping and imputation
Genotyping in the NHS used the Illumina Infinium Sentrix HumanHap550 chip with high success rates and reproducibility. Detailed methods related to the genotyping were published previously (Hunter et al. 2007 ), including quality control, initial assessment of sample completion rates, assessment of SNP call rates, concordance rate, deviation from Hardy-Weinberg proportions in control DNA, and final sample selection and exclusion for association analysis.
Genotyping in the WGHS used either the Illumina HumanHap300 Duo-Plus chip or the combination of the HumanHap300 Duo and I-Select chips. A total of 363,808 SNPs was attempted. SNPs with call rates \90% were excluded from further analysis. All samples with percentage of missing genotypes higher than 2% were removed. Among retained samples, SNPs were further evaluated for deviation from Hardy-Weinberg equilibrium and other quality control measures (Ridker et al. 2008b ). After quality control, a total of 336,108 SNPs were left.
For the NHS and the WGHS separately, we imputed total about 2.5 million SNP genotypes using the hidden Markov model implemented in MACH 1.0 (http://www. sph.umich.edu/csg/abecasis/MACH/index.html), using HapMap haplotypes as a reference (HapMap Phase II CEU population, Release 21, NCBI build 35). By adopting this strategy, we were able to increase the genome coverage and boost study power by combing data from different genotyping platforms in the NHS and the WGHS. To account for the uncertainty in the imputed genotypes, we used an ''allele dosage'', which is defined as the expected number of copies of the minor allele at each SNP and Hum Genet (2010) 128:515-527 517 varies between 0 and 2. We excluded the imputed SNPs with an observed R square from MACH less than 0.30.
Candidate gene and SNP selection
Candidate genes were selected for analysis based on their membership in biologically plausible pathways or reported associations with related phenotypes. The rationale for selecting the pathways and related phenotypes is provided in the ''Supplementary Methods''. We assembled candidate genes in each of the nine groups through literature search and by using Ingenuity Pathway Analysis (Ingenuity Systems: http://www.analysis.ingenuity.com). Detailed descriptions of the 278 genes evaluated are listed in Supplementary  Table 1 . For each gene, we included SNPs that are within 20 kb upstream and 10 kb downstream of the gene region. A total of 18,862 genotyped and imputed SNPs in 278 genes were assessed for their associations with age at menarche and age at natural menopause.
Statistical analysis
Single-SNP association test
We performed linear regression to analyze the association between each of the SNPs (coded as counts of minor alleles) and age at menarche or age at natural menopause as a continuous variable, using ProABEL (Aulchenko et al. 2010 ) and MACH2QTL (Li and Abecasis 2006) software in the NHS and the WGHS, respectively. SNPs with low MAF (\1%) in either the NHS or the WGHS samples were excluded from analysis. To control for potential confounding by population stratification, we adjusted for the top principal components of genetic variation chosen for each study after excluding any admixed individuals clearly not of European ancestry (He et al. 2009; Patterson et al. 2006; Price et al. 2006; Pritchard and Rosenberg 1999) . In the NHS analysis, controlling for breast cancer case-control status made no material difference to the results. To combine evidence for association with age at menarche or age at natural menopause and calculate a summary effect size across the NHS and the WGHS, we used fixed-effect joint analysis, and heterogeneity in effect size across two studies was assessed using the Q-test (Higgins and Thompson 2002) .
Gene-based analysis
To take into account the number of SNPs genotyped in each gene and their underlying linkage disequilibrium (LD) structure, we applied the approach of Gao et al. (2008) to obtain the effective number of independent tests (M eff ) represented in the composite LD correlation matrix, by use of the EIGEN function in R software (v 2.7.0) (R Development Core Team 2008) . P values from single-SNP association tests were further adjusted for multiple comparisons at the gene level with Bonferroni correction based on M eff . We tested the significance of the gene association by assessing the significance of the adjusted minimal P value in each gene. A gene was considered significantly associated with the phenotype if it had an adjusted P value less than 0.05.
Pathway/group-based analysis
For each pathway/group, we evaluated the overall evidence for an excess of statistically significant gene associations over the proportion expected by chance by calculating the ratio of the observed versus the expected number of significant genes. To test the significance of each pathway/ group, the proportion of statistically significant genes for each pathway/group was compared with a nominal 5% significant level using the one-sample test for proportions (Gauvreau 2006) . All statistical methods were performed using SAS software, version 9.1 (SAS Institute, Cary, NC, USA), unless stated otherwise.
Results
Among the total 24,341 study participants, 24,298 women with data on age at menarche remained for the analysis of age at menarche. The mean age at menarche was 12.5 years with a standard deviation of 1.4 years; only 12,723 women had natural menopause between the ages of 40 and 60 and remained for analysis of age at natural menopause. The mean age at natural menopause was 50.6 years with a standard deviation of 3.6 years. The mean and standard deviations were similar across the NHS and the WGHS.
We proposed nine groups of candidate genes that might play a role in age at menarche and age at natural menopause, including genes involved in biologically plausible pathways and for related phenotypes (Table 1) . As we observed no evidence of systematic heterogeneity in genetic association with either trait between the NHS and the WGHS, we chose to combine evidence for association to optimize power and calculate a summary estimate across the two studies. Single-SNP analyses identified 1,155 of the 12,901 SNPs (9.0%) and 1,135 of the 17,519 SNPs (6.5%) tested with nominal P value \ 0.05 for the association with age at menarche and age at natural menopause, respectively. For each gene, we estimated the effective number of independent tests (M eff , Supplementary Table 2) and adjusted the significance threshold using Bonferroni correction based on M eff . We observed that 42 SNPs in 9 genes (FSHB, LHCGR, POMC, UGT2B4, GHRH, CD40LG, FGFR1, KISS1, NKX2-1) were significantly associated with age at menarche (Table 2a ), but we did not find significant association between age at menarche and any SNP among the TGF-b signaling pathway genes or the obesity-related genes. There were significant associations for 86 SNPs in 16 genes (CYP19A1, FSHB, LHCGR, PGR, SRD5A1, IGF1, IGF2R, SMAD7, TGFBR1, PCSK1, PPARG, TNF, EIF2B4, POLG, NBN, ANKK1) with age at natural menopause (Table 2b) . We found no evidence that SNPs in vascular homeostasis genes were associated with age at natural menopause.
The results of candidate gene pathways/groups are summarized in Table 3 . We found an excess of statistically significant gene associations over the proportion expected by chance in steroid-hormone metabolism and biosynthesis pathway for both age at menarche and age at natural menopause (P = 0.040 and 0.011, respectively). In addition, the group of genes associated with precocious or delayed puberty were found significantly associated with age at menarche (P = 0.013), and the group of genes involved in premature ovarian failure was significantly associated with age at menopause (P = 0.025).
Discussion
We conducted a large-scale candidate gene association study to identify common genetic variants underlying age at menarche and age at natural menopause. To our knowledge, this is the largest and most comprehensive candidate gene association study for age at menarche and age at natural menopause to date, including genes that have rarely been considered in previous studies. We identified nine groups of candidate genes in different biological pathways and for related phenotypes that are potentially important to onset of menarche and natural menopause. Through a pathway/group-based analysis, we found that the steroid-hormone metabolism and biosynthesis pathway was significantly associated with both traits, and the group of genes related to precocious or delayed puberty was significantly associated with age at menarche, and the group of genes related to premature ovary failure with age at natural menopause.
In previous studies conducted to investigate genetic polymorphisms in candidate genes in relation to age at menarche and age at natural menopause, polymorphisms in 11 genes have been reported to be associated with these two phenotypes (Table 4 ). The genes involved in estrogen metabolism and biosynthesis pathway, especially estrogen receptors (ESR1 and ESR2) and the CYP family (CYP17, CYP19, and CYP1B1), have been the most popular candidates in previous association studies, but with inconsistent results (Boot et al. 2004; Dvornyk et al. 2006; Gorai et al. 2003; Guo et al. 2006b; He et al. 2007; Hefler et al. 2005; Kok et al. 2005; Lai et al. 2001; Long et al. 2005 Long et al. , 2006 Mitchell et al. 2008; Stavrou et al. 2002 Stavrou et al. , 2006 Weel et al. 1999) . Several possible explanations for this inconsistency include small sample sizes that fail to detect moderate effect of multiple susceptible genes, failure to take into account gene-gene and gene-environment interactions and multiple comparisons, different study designs, and population differences between studies. In this study, we replicated one finding for ESR2 (rs4986938) that has previously been reported associated with age at menarche, with G allele associated with early onset (Stavrou et al. 2006) (Table 4 ). Although rs4986938 lies in an intron of the ESR2 gene and does not lead to an amino acid change in the ERS2 protein, it is possible that it is in linkage disequilibrium (LD) with other regulatory sequence variations that may affect gene expression or function (Yaich et al. 1.00/1.00 Table 2 continued Group Gene The P values are adjusted for multiple comparisons in each gene using the estimated effective number of independent markers Hum Genet (2010) 128:515-527 521 Table 3 Summary of pathway/group results for age at menarche and age at natural menopause Table 4 Comparison of results from the current study on genes previously associated with age at menarche and age at natural menopause 1992). Alternatively, this polymorphism may affect gene expression through a structural change in mRNA and thus lead to an alteration in estrogenic biological activity. This SNP has also been associated with ovulatory dysfunctions in patients with menstrual disorders (Sundarrajan et al. 2001 ).
In the past few years, genome-wide association (GWA) studies have been successful in identifying common genetic polymorphisms associated with complex diseases and human traits. As an agnostic approach, a GWA study surveys most of the genome for genetic variants associated with the phenotype under study, not relying on a prior hypothesis of underlying mechanisms. Recent GWA studies have identified several novel genetic loci associated with age at menarche (He et al. 2009; Ong et al. 2009; Perry et al. 2009; Sulem et al. 2009 ) and age at natural menopause (He et al. 2009; Stolk et al. 2009 ). However, the massive number of comparisons involved requires very stringent P values (usually at least \1 9 10 -7 ) and potentially leads to few true associations being declared as positive with many false negatives. None of the previous candidate genes has exceeded this significance threshold in the GWA studies. It is likely that true modest associations have been overlooked due to the very stringent P value threshold used in the initial GWA scan and failed to be included in further replication study. On the other hand, the candidate gene association study incorporates biological knowledge and may allow a less stringent significance threshold (Hirschhorn and Altshuler 2002) , serving as a complementary approach to GWA study. Our study provided an evaluation of common variants of biologically plausible genes pre-specified by their membership in physiological pathways and their associations with menarche/menopause-related phenotypes.
In this study, we further define nine sets of genes based upon their common biological attributes (e.g. biological pathways or related phenotypes). We then measured the degree of overrepresentation or ''enrichment'' of each gene set among nominally phenotype-associated SNP markers. Such ''pathway/group-based'' analysis can extract more biologically-meaningful information than might be apparent from examination of only statistically significant single SNP findings, as genes harboring one phenotype-associated polymorphism are likely to harbor more than one (McClellan et al. 2007 ) and locus and allelic heterogeneity appear substantial in complex traits such as age at menarche and age at natural menopause. In addition, pathway/ group-based analyses conducted in independent samples may provide gene set replication whether or not the single marker findings replicate. Thus, this analysis approach can complement and extend findings derived from single marker replication studies, yielding information relevant to our understanding of genetic determinants of complex traits.
We observed an excess of gene associations in the steroid-hormone metabolism and biosynthesis pathway in relation to both age at menarche and age at natural menopause, supporting the important role of steroid-hormones in the differentiation, maturation, and function of the reproductive system. Although we tested the same genes and SNPs in this gene set, we found the two traits were generally associated with different SNPs in the same gene or different genes, with the exception of a SNP, rs11031010, located at 5 0 -untranslated region (UTR) of FSHB gene. We also observed that the gene sets related to the extremes of the phenotypes, i.e. precocious or delayed puberty and premature ovarian failure, are overrepresented among phenotype-associated single SNP markers. These results are in line with the hypothesis that the genes underlying the extremes of the phenotypes may also influence phenotypic variation in the general population. Specifically, severe mutations in a gene can cause extreme phenotypes, while less pathogenic and common variants of the same genes may influence the normal variation of the phenotypes.
Our results should be interpreted considering several limitations. First, candidate genes in the study were selected based on educated guesses on which genes or pathways are most likely to be associated with phenotypes. Because our knowledge of the expression and function of the human genome is incomplete, this approach may fail to discover important, novel genes and fully characterize pathways. Second, larger genes with more SNPs are more likely to be associated with phenotypes compared to small genes with few SNPs. We guarded against this bias through calculating an effective number of independent tests for each gene and adjusting significance threshold with a modified Bonferroni correction. Third, the genomic coverage may not be optimal for some genes and important genetic variants may not be included and tested. This could potentially lead to bias in our results of gene-phenotype associations. Fourth, we did not adjust for the number of pathways/groups we have investigated for the P value of each pathway/group. However, this is appropriate for tests of promising hypotheses where the pathway/group is believed to play a direct role in disease etiology. Fifth, population stratification can lead to spurious associations in genetic association studies. We utilized a large subset of unlinked genetic markers to adjust for population structure. However, there is little evidence of population stratification in our study, as controlling for the top principal components of genetic variation does not make material changes to the results. Finally, age at menarche and age at natural menopause were self-reported, and age at menarche was determined retrospectively. Thus, both traits might be measured with error, although this error is likely to be random with respect to genotype. Age at menarche and age at natural menopause are associated with breast cancer and other endpoints in both the NHS and the WHS with magnitudes and directions of association that are consistent with other studies, attesting to the relative validity of the measurements. In addition, Colditz et al. (1987) found a correlation of 0.82 for reported ages at natural menopause between two questionnaires in the NHS. Must et al. (2002) observed a correlation of 0.79 between contemporarily documented and recalled age at menarche after 30 years. Moreover, random measurement error, if present, would be expected to attenuate associations in our study, rather than give rise to false positive associations.
In summary, we conducted a large-scale candidate gene association study to investigate whether common genetic variants of genes in biologically plausible pathways and for related phenotypes are associated with age at menarche and age at natural menopause. We found that common variants in the steroid-hormone metabolism and biosynthesis pathways were significantly associated with age at menarche; and the groups of genes involved extremes of the phenotypes, i.e. precocious or delayed puberty and premature ovarian failure, were significantly associated with age at menopause and age at natural menopause, respectively.
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